Hidden charm mesons continue playing an essential role as relevant probes to understand the evolution of partonic matter. It is expected that the charmonia that survived the quark-gluon plasma phase suffer collisions with other particles composing the hadronic matter. In this work, we intend to contribute on this subject by presenting an updated study about the interactions of J/ψ with surrounding hadronic medium. The meson-meson interactions are described with a SU (4) effective Lagrangian, and within the framework of unitarized coupled channel amplitudes projected onto s-wave. The symmetry is explicitly broken to SU (3) by suppression of the interactions driven by charmed mesons. We calculate the cross sections for J/ψ scattering by light pseudoscalar mesons (π, K, η) and vector mesons (ρ, K * , ω), as well as their inverse processes. Keeping the validity of this present approach in the low CM energy range, the most relevant channels are evaluated and a comparison of the findings with existing literature is performed.
Introduction
Recent heavy-ion-collision experiments generated a prosperous era in particle and nuclear physics. Measurements that seemed hard to be performed two or three decades ago can now be done with unprecedent precision. Among them, those related to heavy-flavored hadrons have been proved to play an essential role. These states are of particular interest since they carry heavy quarks produced by hard gluons in the initial stages of collisions. Noticing that the hadronic medium is not hot enough to excite heavy-quark pairs, heavy hadrons are relevant probes to understand the evolution of partonic matter, in contrast to light hadrons, which can be yielded in the thermal medium at later stages.
In this scenario, the J/ψ reveals itself as a relevant probe of properties of quark-gluon plasma (QGP) phase produced in the collision. It relies on the suggestion done about three decades ago that this phase would screen the c −c interaction, leading to the drop of J/ψ multiplicity [1, 2, 3] . Indeed, several Collaborations have observed experimental evidences of J/ψ suppression [4, 5, 6, 7, 8, 9] . However, at the highest energies reached today at the LHC, data on J/ψ production confirm that the QGP dynamics is richer and more complex. At low transverse momentum (p T ) range, the J/ψ drop is significantly smaller at LHC energy than at RHIC energy, which might be interpreted from regeneration mechanism due to larger total charm cross section at LHC; but at high p T the dissociation increases as collision energy grows, indicating that the J/ψ yield is less sensitive to recombination and other effects [10, 11, 12] .
On the other hand, alternative mechanisms have also been proposed to explain the drop of charmonium multiplicity, such as its absorption by comoving hadrons. It is worthy mentioning that between the chemical freeze-out (where the hadronization has already ended and there is a hadron gas) and the kinetical freeze-out (in which the interactions are expected to cease and the remaining particles go to the detectors), the charmonia that have survived the QGP phase are expected to collide with other particles composing the hadronic matter. Therefore, inelastic interactions of J/ψ with surrounding hadronic medium formed after QGP cooling and hadronization might have (at least partially) significance on the charmonium abundance analysis.
In this sense, a large amount of effort has been dedicated to estimate the charmonia interactions with light hadrons (mainly involving π and ρ mesons) using different approaches [13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37] . Most of these analyses explore the J/ψ − π reactions with reasonable results, and can be classified in the following sort: interactions based on effective hadron Lagrangians [15, 16, 17, 18, 19, 20, 22, 27, 28, 34, 36, 37] and constituent quark-model framework [13, 14, 17, 21, 24, 25, 33, 35] .
Concerning those works involving J/ψ absorption by light hadrons (and their inverse reactions) derived from chiral Lagrangians, we believe that there is still enough room for other contributions on this issue. First, due to the fact that the charmonium-hadron cross sections are dependent of the effective couplings that control the reactions considered [15, 16, 17, 18, 19, 20, 22, 27, 28, 34, 36, 37] . Secondly, the majority of these mentioned calculations make use of form factors with different functional forms and cutoff values which could not be justified a priori. It should be also mentioned that appropriate choice for the form factors is essential to obtain reliable predictions, since the range of heavy meson exchange is much smaller than the sizes of the initial hadrons [22] . Third, the older calculations are deficient of the methods that have been developed subsequently, as well as lack the novel data of heavy-ion-collision experiments at RHIC and LHC, which requires a new round of updated predictions.
Thus, in the present work we will contribute on calculations about the interactions of J/ψ with surrounding hadronic medium compared to previous studies in the following way. We consider the medium composed of the lightest pseudoscalar mesons (π, K, η) and the lightest vector mesons (ρ, K * , ω), and calculate the cross sections for J/ψX scattering and their inverse processes (in which X stands for light pseudoscalar and vector mesons), within the framework of unitarized coupled channel amplitudes projected onto s-wave [36, 38, 39, 40, 41] . We analyze the magnitude of unitarized cross sections of the different channels, and perform a comparison of our results with other reported ones.
This work is structured as follows. In Section II we will give an overview of the effective SU (4) model and calculate the unitarized coupled channel amplitudes. Results will be presented in Section III. We summarize the results and conclusions in Section IV. Some relevant tables are given in Appendix A.
Formalism
The main purpose here is the discussion of J/ψ interaction with the hadronic medium. We intend to calculate and analyze the cross sections for the J/ψ − X interactions, where X denotes a pseudoscalar or vector meson. On that subject, we work within the framework of effective field theories whose hadrons are the relevant degrees of freedom. The effective Lagrangian used in the present study is based on SU (4) lowest order Chiral Perturbation Theory [36, 38, 39] ,
where T r(...) denotes the trace over flavor indices,
are the pseudoscalar and vector currents, respectively, with P and V being 4 × 4 matrices carrying 15-plets of pseudoscalar and vector fields as show and finally for processes V V → V V ,
where the labels i and j refer to the initial and final channels; s, t and u to the Mandelstam variables; ε a to the polarization vector related to the respective vector particle a. The coefficients ξ ij , χ ij and ζ ij will depend on the initial and final channels of each process, and are given in Appendix A in an isospin basis. The processes above are assumed to have conservation of the quantum numbers for the incoming and outcoming meson pairs; they are I G (J P C ), charm (C) and strangeness (S). Therefore, relating to s-wave reactions, we deal with the channels involving pairs of vector mesons in Eq. (6) by making use of spinprojectors that distinguish the allowed values of spin [38, 42] . Explicitly, suppose a given generic amplitude,
We can decompose the polarization vectors of each incoming/outgoing pair of vector mesons into the following representations: scalar (S = 0), antisymmetric tensor (S = 1) and symmetric tensor (S = 2), namely
where
Then, using this decomposition in Eq. (7), the generic amplitude can be written as
5 Hence, the coefficients in the amplitude depends on the total angular momentum. We also remark that for V V → P P reactions in Eq. (5), the only relevant contribution comes from P (S=0) ab . In order to have the correct behavior of the amplitudes at high energies, we need to implement a control procedure of the energy-dependence of cross sections. As mentioned before, most calculations found in literature for some reactions of our interest make use of form factors with different functional forms and cutoff values which could not be justified a priori [15, 16, 17, 18, 19, 20, 22, 27, 28, 34, 36, 37] .
We adopt another scheme in the present approach: we work within the framework of unitarized coupled channel amplitudes. It ensures the validity of the optical theorem and enhances the range of applicability of the effective model controlling the behavior of the amplitudes at large energies, and has properly described hadronic resonances and meson-meson scattering [36, 38, 39, 40, 41, 43, 44, 45, 46] .
The matrix representing unitarized coupled channel transitions can be derived by a Bethe-Salpeter equation whose kernel is the s-wave projection of a given amplitude by Eqs. (4), (5) or (6), and can be diagrammatically viewed as the sum over processes showed in Fig. 1 . In this way, the unitarized amplitude reads [36, 38, 39, 40, 41, 43, 44, 45, 46] ,
where V (s) is the s-wave projected scattering amplitude,
with r = 1, 2, 3, and G(s) stands for the two-meson loop integral. In the case of two pseudoscalars mesons (PP), G P P (s) is given by
P 2 = s and m 1 and m 2 are pseudoscalar mesons masses. Employing dimensional regularization, this integral is rewritten as
where µ is the regularization energy scale, a(µ) is a subtraction constant which absorbs the scale dependence of the integral, and p is the three-momentum in the center of mass frame of the two mesons in channel P P ,
When the two-meson loop integral involves a pseudoscalar and a vector meson (PV) and two vector mesons (VV), we perform standard approximation as in previous studies [38, 39] , resulting in the expressions
where M 1 and M 2 represent the masses of vector mesons in the loop. Notice that the masses in G P P (s) that appear in Eq. (17) must be replaced by the masses of the mesons in the loop according to each case.
. . . Once the unitarized transition amplitudes are obtained, we can determine the isospin-spin-averaged cross section for the processes in Eq. (3), which in the center of mass (CM) frame is defined as
where p f and p i are, respectively the momentum of the outcoming and incoming particles in the CM frame; χ is a constant whose value depends on the total angular momentum of the channel considered:
Next, we use the formalism developed above to compute the cross sections of reactions involving charmonium.
Results
Now we are able to calculate the cross sections for elastic and inelastic J/ψ scattering by pseudoscalar and vector mesons using the framework of unitarized coupled channel amplitudes obtained in previous section. In particular, the channels considered are the J/ψX, with X being the mesons associated to the fields introduced in the P and V matrices in Eq. (2), i.e. the π, K, η, ρ, K * , ω mesons. In this context, we use an enlarged coupled channel basis by taking into account the quantum numbers I G (J P C ), charm (C) and strangeness (S) of each channel. Thus, remembering that in present work our interest is only on s-wave processes, in Table 1 it is displayed the channel content in each sector, determined by analyzing the meson pairs with same quantum numbers and with possible transitions among them. Accordingly, the decomposition of these channels involving light and heavy mesons allows us to obtain the coefficients ξ ij , χ ij and ζ ij given in Eqs. (4)- (6); they are given in Appendix A in an isospin basis. 15), as in Ref. [39] : setting the scale µ to 1.5 GeV, the subtraction constant is adjusted to data taking a H (µ) = −1.55 for channels involving at least one heavy meson, and a L (µ) = −0.8 for channels involving only light mesons.
In what follows we present and discuss the cross sections for the J/ψ-meson interactions regarding the channel content in each sector, as reproduced Table 1 . We start by showing in Fig. 2 the most investigated scattering in literature: the cross sections for J/ψπ scattering into allowed final states. Particularly, beyond the reactions J/ψπ → J/ψπ, ρη c , (DD * +c.c.), which are also present in Ref.
[36], we examine J/ψπ → ωπ, ρη, (K * K + c.c.) as well. Some remarks are worthy of mention when compare them. First, we must take care of the validity of the present treatment: it is valid at low-energy range, since it is employed the lowest order Lagrangian filtered out projecting it onto s-wave. Keeping this in mind, we see that at three level only the reaction with final state (DD * +c.c.) has non-zero cross section. Once the amplitude is unitarized, the meson loops engender nonvanishing cross sections for all reactions, with an universal behavior: they have a peak shortly after the respective threshold, and decrease rapidly or slowly as energy increases, depending on the reaction. In addition, it can be observed that the most relevant processes are those whose final state carries charmed quarks. The contributions with final states J/ψπ, ρη c , (D * D + c.c.) can be regarded as approximately with the same order of magnitude in the energy range under consideration. On the other hand, they are greater than cross sections for J/ψπ → ωπ, ρη, (K * K + c.c.) by about a factor 10 5 , which justifies the neglect of these last reactions for practical purposes.
Another point we would like to observe is on the comparison of our results with existing literature. In general, the cross section we have obtained for J/ψπ → (DD * + c.c.) reaction has a comparable or smaller magnitude at low CM energies than other ones [13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37] . As CM energy grows, the high-energy behavior of the presented findings show a more pronounced decrease of magnitude of cross section than those with any kind of control of high-energy behavior. Possible discrepancies can be attributed to the different energy dependence of the adopted formalism describing the interactions; contributions of higher partial waves; distinct approach employed to control the high-energy behavior, as in the cases of form-factors; and differing values of coupling constants, masses, cutoffs, ... Notwithstanding, it is worthy noticing that a faster decreasing for higher CM energies qualitatively similar to our findings in Ref. [22] , which makes use of covariant form-factors.
For completeness, In Figs. 3 and 4 are also plotted the unitarized cross sections for J/ψX scatterings into allowed final states, with X being the pseudoscalar and vector mesons K, η, ρ, K * , ω. In view of these results, we remark the points below: σ(mb) • • • The unitarized coupled channel amplitudes via the meson loops generate non-vanishing and controlled cross sections, with a peak shortly after the threshold and a decrease with increasing energy.
• • In the case of J/ψω scattering the final state ρρ does not appear in the plot, since it is vanishing. The reason is due to the fact that meson loops do not generate allowed combinations for this channel.
• In the plots of the cross sections for J/ψ scattering by vector mesons, we have considered the sum of the situations with different spin contributions (J = 0, 1, 2). However, we have restricted ourselves to the V V → V V processes, because of the negligible contributions of V V → P P ones (see comment below). In this sense, we have not taken into account these latter channels both in the mesonic loops and in the final states.
• We have employed the lowest order Lagrangian in chiral expansion, with their contributions projected onto s-wave. In this sense, higher partial waves would dominate the cross section at greater CM energies above threshold, which would modify the faster decreasing of cross sections.
Furthermore, we should add some comments concerning the large suppression of magnitude for the processes V V → P P . Due to the nature of this interaction, the only way to obtain one reaction of this type is through s-channel in Eq. (6), which is proportional to the term (t − u). In particular, if the schannel is zero, as for the J/ψω scattering, V V → P P reactions are forbidden. Nevertheless, the J/ψρ and J/ψK * scatterings have not all s-channels being null. Notwithstanding, notice that at s-wave,
, where m i are the masses of the incoming particles and m i the masses of the outgoing particles. Consequently, when the incoming or outgoing particles have close masses, the s-channel becomes highly suppressed. This effect can be illustrated from the cross sections of the reaction J/ψK * taking as final states open charmed mesons, as shown in Fig. 5 . As it can be seen, the contribution of reaction with final state being (DD (s) + c.c.) is largely suppressed with respect to the other ones. This result is relatively reproduced in the findings of Ref. [37] , in which the processes σ(J/ψK * →D * D * s + c.c.) and σ(J/ψK * →DD s + c.c.) have cross sections with amplitudes that differ by about a factor 10 2 .
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• We summarize the results above by estimating the cross sections for the J/ψ with each meson resulting in all possible channels; they are plotted in Fig. 6 . It is clear that the cross sections involving pseudoscalars J/ψP → All (where All means the coupled channels to each of the initial state according to Table 1) have magnitudes larger than those with vector mesons (J/ψV → All ). This result is qualitatively in accordance with Ref. [37] as well as other works, always taking care of the validity of the present approach.
Finally, in Fig. 7 is shown the cross sections for inverse reactions discussed in Fig. 6 , i.e. All → J/ψX. We notice that the cross sections for direct and inverse processes can be considered to be approximately of the same order of magnitude: they are between 0.1 and 1 mbarn in the range 4 GeV < √ s < 5 GeV, and are suppressed at high energies.
Hence, the findings reported above allow us to evaluate the most relevant interactions between the J/ψ resonance and the hadronic medium composed of the lightest mesons, and will be useful for the determination of evolution of J/ψ abundance in high energy collisions, even as for correspondence among other procedures.
• 
Concluding Remarks
In this work we have evaluated the interactions of J/ψ with surrounding hadronic medium. We have considered the medium composed of light pseudoscalar mesons (π, K, η) and vector mesons (ρ, K * , ω), and calculated the cross sections for J/ψ scattering by light mesons, as well as their inverse processes. Within the framework of unitarized coupled channel amplitudes, we have analyzed the magnitude of unitarized cross sections of the different channels, and performed a comparison of our results with existing literature.
The employment of unitarized coupled channel amplitudes via the meson loops have generated non-vanishing and controlled cross sections, including reactions without open charmed mesons in final states which have zero-amplitudes at tree level. Also, from the results it can be inferred that reactions with charmed final state are the most relevant contributions for the cross sections, while the other ones have a very small magnitude and are highly suppressed as energy increases. Another feature is the negligible contribution of V V → P P processes both in the mesonic loops and in the final states.
Moreover, concerning the estimates of the cross sections for the J/ψ with each meson resulting in all possible channels, they suggest that the scattering J/ψP → All have magnitudes larger than those with vector mesons (J/ψV → All ) in the most range of center-of-mass energy √ s. It is relevant to notice the limitations of the present treatment. Since it has been employed the lowest-order Lagrangian in chiral expansion, with their contributions projected onto s-wave, therefore in principle the investigation of low-energy range near threshold is valid, despite there are outcomes reported in literature whose higher-energy behavior is qualitatively similar to ours.
Further work is needed to improve these results, in order to perform more precise comparison with predictions made by other phenomenological models. In particular, the analysis of higher partial waves would modify the decreasing of cross sections at greater energies, and will be useful in the determination of evolution of J/ψ abundance in high energy collisions.
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Appendix A. ξ ij , χ ij and ζ ij coefficients
The decomposition of the channels involving light and heavy mesons allows us to obtain the coefficients ξ ij , χ ij and ζ ij given in Eqs. (4)-(6). Here we summarize the values that they must assume with the choice of a proper isospin basis, and according to the type of mesons involved in relevant channels (V P → V P, V V → P P , and V V → V V ). Here, we denote
where the values of these quantities are given in Section 3.
The non-vanishing V P → V P scatterings in Eq. (4) are only s-wave processes. The coefficients ξ ij are shown in the tables below.
+c.c. The non-vanishing V P → V P scatterings in Eq. (4) are only s-wave processes. The coefficients ξ ij are shown in the tables below.
As it is shown in Eq. (6), the V V → V V reactions can occur via (s, t, u)-processes. Therefore, we exhibit in the tables below the coefficients (ζ (s) ij , ζ (t) ij , ζ (u) ij ). For processes V V → P P the coefficients are obtained just by replacing the vector pair in final state of V V → V V by the respective pseudoscalar pair P P in SU (4) basis (i.e. J/ψK * by η c K, and so on). Notice, however, that V V → P P scatterings are proportional to t − u, see Eq. (5). Hence, the coefficients χ ij are equal to ζ 
